We report on the palaeomagnetism of the gabbroic Cape St Mary's sills of the Avalon Peninsula of Newfoundland, which have previously yielded a 441±2 Ma U-Pb baddeleyite age ( latest Ordovician or earliest Silurian). At 12 of 19 sites, stepwise alternating-field or thermal demagnetization isolated a stable characteristic remanence carried by magnetite. This remanence is shown to pre-date Early Devonian folding of the sills. Although a baked-contact test was inconclusive, the positive fold test and the low grade of metamorphism of the sills (prehnite-pumpellyite facies) make it likely that the characteristic remanence is primary. The tilt-corrected site-mean characteristic remanence has a declination of 343°and an inclination of −51°(k=25, a 95 =9°), yielding a~440 Ma palaeopole at 10°N, 140°E (dm=12°, dp=8°) for West (North American) Avalonia. The corresponding~440 Ma palaeolatitude for the Avalon Peninsula is 32°S±8°. The only other West Avalonian palaeolatitude determination from rocks that could be of similar age is from the Dunn Point volcanics of Nova Scotia; their more southerly palaeolatitude of 41°S±5°suggests that they are significantly older than 440 Ma, a possibility that we recommend testing with U-Pb dating. Although no~440 Ma palaeolatitude determinations are available for East Avalonia (parts of southern Britain and Ireland), interpolating between mid-Ordovician and mid-Silurian determinations gives an estimate of~25°S. This is consistent with our Cape St Mary's result and, if the Iapetus Ocean closed orthogonally, with a narrow (~1000 km) Iapetus Ocean of approximately east-west orientation between Avalonia and Laurentia by 440 Ma.
was a prototype for the Wilson cycle of opening and closing 1 INTRODUC TION of ocean basins, yet the history of the Iapetus Ocean remains We attempt to understand better how the Iapetus Ocean closed contentious (e.g. Keppie et al. 1996) . by studying the palaeomagnetism of the Cape St Mary's sills
In the northern Appalachians, closure of the Iapetus Ocean of the Avalon Peninsula of Newfoundland. These gabbroic sills was completed when the Avalon Terrane docked with the have recently yielded a U-Pb baddeleyite age of 441±2 Ma Gander Terrane (Williams & Hatcher 1983) . This had occurred (Greenough, Kamo & Krogh 1993) , placing them in the latest by the mid-Devonian (Williams 1993 ; Dallmeyer & Keppie Ordovician or earliest Silurian (Tucker & McKerrow 1995 ). 1993 . However, the earlier history of Iapetus closure is still Previous palaeomagnetic study of these sills was only published debated. Wilson (1966) pictured the Avalon Terrane as origin abstracts (Hodych & Patzold 1980; inally part of North Africa or southern Europe with a simple orthogonal ( head-on) closing of the Iapetus. Recent models 1994a). Wilson (1996) was the first to suggest that an ocean (the (reviewed by Keppie et al. 1996) often picture a more complex closure. For example, Dalziel (1997) pictures Laurentia breakIapetus) lay between Laurentia and Avalonia in the Early Palaeozoic, explaining their Cambro-Ordovician faunal differing away from South America in the late Precambrian and moving eastwards relative to Gondwana, introducing a large ences ( known since Walcott 1889). Avalonia was perhaps the first accreted terrane to be identified, and the Iapetus Ocean dextral shear component to the closing of the Iapetus. At other sill sites (1, 3, 10, 12 and 14) , most specimens temperatures. There was no sign of remanence carried by haematite in any of the specimens measured in this study. continued to change remanence direction as demagnetization progressed. Great circles (remagnetization circles) were fitted to the data on stereographic plots and their intersections were 4 TIMING OF REMANENCE ACQUISITION used to determine the characteristic remanence direction for a site following the method of Bailey & Halls (1984) . Examples
We tested whether the characteristic remanence of the Cape St Mary's sills was acquired before probable Early Devonian of such sites are shown in Fig. 3 . The number of specimens per site whose remagnetization circles were used is shown folding. The in situ site mean remanence directions at the 12 stable sites (Fig. 4a ) are quite scattered, giving an overall mean under R in Table 1. At sill sites 5, 8, 9, 11, 13, 16 and 18 , demagnetization direction with declination D=347.8°, inclination I=−48.2°, precision parameter k=6.9 and radius of the circle of 95 per scattered the remanence directions of all (or all but one) of the specimens due to the low coercivity of the remanence (in the cent confidence a 95 =17.9°. After tilt correction (Fig. 4b) , the scatter is significantly reduced, giving a mean direction with case of AF demagnetization) or to the low unblocking temperatures of the remanence (in the case of thermal demagnetization).
D=343.8°, I=−50.8°, k=24.9 and a 95 =8.9°. According to the criteria of McElhinny (1964) , the data for the Cape St Mary's These sites were not used in the final analysis of remanence directions and are not listed in Table 1. sills pass the fold test at the 99 per cent confidence level. (The ratio of the precision parameter after tilt correction to that The site mean remanence directions for all useable sill sites are shown in Table 1 and plotted in Fig. 4 before and after tilt before tilt correction is 3.6.) Likewise, the alternative correlation test of McFadden (1990) 1 Sediment site adjacent to site 14; not used in mean statistical calculation.
2 Sediment site adjacent to dyke D; not used in mean statistical calculation.
3 Two specimen directions were determined using Kirschvink analysis; the third by averaging reasonably well-grouped directions obtained during the stepwise heating run. 4 Paleomagnetic pole after tilt correction: 10°N, 140°E; dm=12.0°; dp=8.1°(dm and dp are the semiaxes of the oval of 95 per cent confidence about the mean palaeopole). St=strike of the bed; Di=dip of the bed; K/R=number of Kirschvink/remagnetization circle analyses; A/T=AF/thermal demagnetization; D=mean declination in situ; I=mean inclination in situ; D∞=mean declination after tilt correction; I∞=mean inclination after tilt correction; a 95 =radius of circle of 95 per cent confidence about mean direction for Kirschvink analyses, or semi-axes of oval of 95 per cent confidence for remagnetization circle analyses; k=precision parameter.
5-30 cm below the base of the 2.5 m thick sill (site 14S) and
In conclusion, we interpret the baked-contact tests as inconclusive. However, the stable remanence in the sills was acquired another six samples 11-15 m below the sill. Unfortunately the before Early Devonian folding and resides in low-Ti magnetite test proved inconclusive. Five of the samples close to the sill possessing unblocking temperatures between 400 and 550°C. carried a stable remanence direction indistinguishable from This is not likely to be a thermoviscous remagnetization since the direction determined from great-circle analysis for the sill prehnite-pumpellyite metamorphism should involve heating itself (whilst the sixth sample was unstably magnetized). The to less than 300°C (Beiersdorfer & Day 1995) . Even if applied samples collected far from the sill were less stably magnetized for 1 Myr, 300°C should not have remagnetized magnetite than most of those sampled close to the sill, so it was not with unblocking temperatures above~400°C according to possible to calculate directions using Kirschvink analysis.
single-domain theory (Pullaiah et al. 1975) . Even the nomoNevertheless, the directions from these samples before tilt grams of Middleton & Schmidt (1982) predict that 300°C correction tend to scatter between a steep down northerly applied for 1 Myr should not have remagnetized magnetite direction (perhaps a present Earth's field magnetization) and with unblocking temperatures above 500°C, and 500°C is shallow northerly directions, suggesting partial overprinting in probably an overestimate since it is based on the theory of a sill-like direction. Walton (1980) , which was criticized by Enkin & Dunlop A second baked-contact test using an ESE-trending diabase (1988), Worm & Jackson (1988) and Dunlop & Ö zdemir dyke (site D) that cuts volcanogenic sedimentary rocks near (1993) . Dunlop, Ö zdemir & Schmidt (1997) show that samples site 14 also proved inconclusive. In this case, the sedimentary that are inherently single-domain-like or have their multidorocks were collected near (within 1 m at site DS) and far main remanence erased by prior low-temperature demagnetiz-(6.5-9 m) from the 3 m wide dyke. For each of the dyke ation behave as predicted by single-domain theory. Since our samples, the remanence swung to a direction similar to that thermal demagnetization was usually preceded by partial AF observed in the Cape St Mary's sills upon AF or combined demagnetization to remove multidomain remanence, unblock-AF-thermal demagnetization, but the endpoint was not ing temperatures above~400°C should not have been sufficiently stable to allow Kirschvink analysis. As was the thermoviscously remagnetized by the prehnite-pumpellyite case for the sills, unblocking temperatures of the characteristic metamorphism. The stable remanence in the Cape St Mary's component of the dyke samples were in the 400-550°C range.
sills is probably a primary thermal remanence acquired when Three of the six sediment samples collected close to the dyke the sills cooled below~550°C at 441±2 Ma. (site DS) carry a stable sill-like remanence direction, with the remaining three samples being unstably magnetized. Far from 5 DISCUSSION the sill, remanence directions were either scattered or directed steeply down to the north ( before tilt correction), probably
We have argued that the stable remanence of the Cape St Mary's sills was acquired before Early Devonian folding carrying a present Earth's field magnetization. and that it probably records the magnetic field direction when the sills were intruded at 441±2 Ma. (We quote 2s errors for radiometric dates and 95 per cent confidence limits for palaeolatitude estimates throughout this paper.) Assuming that the sills represent a long enough time interval to average out palaeosecular variation, the average inclination of stable remanence relative to bedding provides a palaeolatitude estimate of 32°S±8°for the Avalon Peninsula in the latest Ordovician- 
& Van der Voo 1990).
The Dunn Point volcanics may be of latest Ordovician or earliest Silurian age, like the Cape St Mary's sills, since the Peninsula of Newfoundland escaped the Ordovician deformation that affected the Avalonian of Nova Scotia, indicated Dunn Point volcanics are overlain with only slight unconformity by sediments containing earliest Silurian fossils (Boucot by deformed Early Ordovician rocks unconformably overlain by the Dunn Point volcanics (Boucot et al. 1974 (Boucot et al. ). et al. 1974 . If so, the palaeolatitude difference between the Dunn Point volcanics and the Cape St Mary's sills might be However, the Dunn Point volcanics may be considerably older than the Cape St Mary's sills, because the time interval due to insufficient averaging out of palaeosecular variation or to latitudinal separation of these two parts of West Avalonia represented by the unconformity between the subaerial Dunn Point volcanics and the overlying earliest Silurian marine at 440 Ma. Separation might help to explain why the Avalon sediments may have been 'considerable' (Boucot et al. 1974) . We suggest that the Dunn Point volcanics may be approximately 10 Myr older than the Cape St Mary's sills, and that their palaeolatitude difference reflects northward drift of Avalonia (at a rate of~0.7°Myr−1, judging by the palaeolatitudes for East Avalonia in Fig. 5 ).
To test our suggestion, we recommend that precise U-Pb zircon dating be attempted for the Dunn Point volcanics. Zircons should be present in some of the ignimbrites since Zr contents as high as 1643 ppm are reported by Keppie, Dostal & Zentilli (1978) . We consider the Rb-Sr date available for the Dunn Point volcanics (Fullagar & Bottino 1968) unreliable. With modern decay constants (Harland et al. 1990, p. 191) , the date becomes 397±20 Ma or, if the most discordant data point is omitted, 419±10 Ma. Even the latter age is too young because the volcanics are unconformably overlain by sediments containing early Llandovery (Rhuddanian) fossils (Boucot et al. 1974) whose age should lie between 443 and 439 Ma according to the U-Pb zircon-based timescale of Tucker & McKerrow (1995) . Greenschist facies metamorphism of the Dunn Point volcanics in the Devonian has affected Rb and Sr abundances (Keppie et al. 1978) , which has probably caused the unreliability of Rb-Sr dating.
Early Ordovician to mid-Silurian palaeolatitude determinations for East Avalonia (parts of southern Britain and conglomerate test, and yields a 62°S±10°palaeolatitude (Torsvik & Trench 1991; Trench et al. 1992) . The early Llanvirn judging by a conglomerate test, and its palaeolatitude estimate is consistent with those in Fig. 5 , it was omitted because only Stapeley Volcanic Formation of the Shelve Inlier of Wales carries a remanence that pre-dates Ashgill folding (Trench & one site was studied (Piper 1995 Fig. 6 shows a possible palaeogeography for~440 Ma, remanence as shown by a positive agglomerate test, and yield a palaeolatitude of 13°S±5° (Trench & Torsvik 1992; assuming that subsequent closure of the Iapetus Ocean was orthogonal, and using palaeomagnetically estimated palaeolatiet al. 1993). The late Llandovery Browgill Formation red beds of the English Lake District carry a remanence that pre-dates tudes and north directions. For West Avalonia, we used the 32°S palaeolatitude and the northerly direction yielded by the Devonian folding and yields a palaeolatitude estimate of 13°S±7° (Channell, McCabe & Woodcock 1993) .
Cape St Mary's sills. For East Avalonia, we used a~25°S palaeolatitude (interpolated from Fig. 5 ) and assumed that the Note that no late Ordovician results for East Avalonia are plotted in Fig. 5 . The early Caradocian Borrowdale Volcanic positions of East and West Avalonia relative to one another were those held just before the opening of the Atlantic (as Group of the English Lake District was omitted because it carries a post-folding remanence whose age is uncertain illustrated by Stevens 1986). For Laurentia, we used the 26°S palaeolatitude and north directions (corrected for oroclinal (Channell & McCabe 1992) . Although the Caradocian Moely-Golfa Andesite of Wales may carry a primary remanence, bending) yielded by the Juniata and Rose Hill formations of 
